We have used electron paramagnetic probes attached to the ribose of ATP (SL-ATP) to monitor conformational changes in the nucleotide pocket of myosin. Spectra for analogs bound to myosin in the absence of actin showed a high degree of immobilization, indicating a closed nucleotide pocket. In the ActinÁMyosinÁSL-AMPPNP, ActinÁMyosinÁSL-ADPÁBeF 3 , and ActinÁMyosinÁSL-ADPÁAlF 4 complexes, which mimic weakly binding states near the beginning of the power stroke, the nucleotide pocket remained closed. The spectra of the strongly bound ActinÁMyosinÁSL-ADP complex consisted of two components, one similar to the closed pocket and one with increased probe mobility, indicating a more open pocket, The temperature dependence of the spectra showed that the two conformations of the nucleotide pocket were in equilibrium, with the open conformation more favorable at higher temperatures. These results, which show that opening of the pocket occurs only in the strongly bound states, appear reasonable, as this would tend to keep ADP bound until the end of the power stroke. This conclusion also suggests that force is initially generated by a myosin with a closed nucleotide pocket.
INTRODUCTION
Myosin produces force in a cyclic interaction in which it binds to actin, executes a power stroke, and is released by the binding of ATP (1) (2) (3) (4) (5) (6) . Hydrolysis of the nucleotide allows the MyosinÁADPÁPi complex to rebind weakly to actin, which promotes the release of phosphate. After phosphate release, the affinity of MyosinÁADP for actin increases by about a factor of 10 3 with ADP subsequently released near the end of the power stroke. Thus, in this cycle of interactions, two ligands, actin and nucleotide, compete sequentially and antagonistically for binding to myosin. The binding of actin promotes the release of nucleotide, and the binding of nucleotide weakens the interaction with actin. The conformational changes in myosin that are responsible for producing the communication between the binding of actin and nucleotides are currently a focus of investigation. In this article, we investigate this communication by measuring the conformation of the nucleotide pocket of myosin as a function of the nucleotide at the active site and binding of actin to the MyosinÁNucleotide complex.
The initial x-ray structures of myosin showed the nucleotide triphosphate moiety to be tightly encased in a narrow tunnel (7) . This ''phosphate tube'' has three conserved structural components, the P-loop sequence, diagnostic for ATPases, and regions topologically homologous to switch 1 and switch 2 in the G-proteins (8) (9) (10) . We experimentally demonstrated that nucleotide analogs with moieties attached to the g-phosphate position of ATP that were too large to fit through the phosphate tube still bound to myosin. This result proved that the phosphate tube had to open, which was the only way these analogs could bind (11) . The ability of these analogs to bind to myosin was further promoted by the binding of actin, showing that the nucleotide pocket was more easily opened in the presence of bound actin (see Discussion). Structural similarities suggest that myosin, kinesin-family motors, and the G-proteins have evolved from a common ancestor protein (12) . The motivation for our original line of inquiry was the observation that in the crystal structures of kinesin-family motors, switch 1 was displaced from the nucleotide triphosphates, opening the phosphate tube and leaving the triphosphate moiety exposed to solvent (13) . In the G-protein family, switch 1 is seen in both the open and closed positions (10) . This led us to propose that the opening of the nucleotide site in myosin was the result of a displacement of switch 1. Further support for this hypothesis came from our subsequent observations that a modeled closed switch 1 in a kinesin-family motor based on the closed switch 1 of myosin remained stably closed in molecular dynamics simulations (14) and yielded modeled probe mobilities consistent with experimental observations for spinlabeled nucleotides bound to the microtubule motors, kinesin, and ncd (15, 16) . Here we extend these protocols using spinlabeled nucleotides bound to myosin and actomyosin to further probe the opening and closing of the nucleotide site of myosin.
Recent crystal structures and reconstructions of electron micrographs of actomyosin complexes have both shown the myosin nucleotide pocket in an open form. Myosin V has a closed phosphate tube with bound ADPÁBeF 3 and a very open nucleotide pocket, both in the absence of nucleotides and in the presence of bound ADP (17, 18) . The more open nucleotide pocket was the result of a displacement of switch 1 away from the triphosphates because of the movement of the upper 50 kDa domain that was likewise coupled with the closing of the prominent actin-binding cleft in myosin. The actin-binding cleft originates near the g-phosphate position of the bound nucleotide and spans the 5-nm distance to the actin binding site on myosin. A currently popular hypothesis is that the opening and closing of the actin-binding cleft could provide a route of communication between the binding site of actin and nucleotide. Additional structures with open nucleotide pockets were observed in the Dictyostelium myosin II motor domain (19) and in myosin VI (20) . The myosin VI crystal structure shows that a unique insert modulates nucleotide pocket accessibility and switch 1 flexibility, allowing the insert to alter nucleotide kinetics. This is consistent with a critical role for switch 1 in regulating the affinity for nucleotide in various myosin and actomyosin states. The closing of the actin-binding cleft allows the myosin crystal structures to dock well into electron microscopy-based models of the structure of the actomyosin complex (21) (22) (23) . Spectroscopic data have also shown changes in the actin-binding cleft on binding to actin (24) (25) (26) (27) and changes in the conformation of the nucleotide pocket (26, (28) (29) (30) (31) . Together these data suggest that the myosin nucleotide site can exist in both open and closed conformations. When myosin is bound strongly to actin, the nucleotide pocket is in an open conformation with the actin-binding cleft closed.
We have used EPR spectroscopy of spin probes attached to nucleotides to monitor changes in the conformation of the nucleotide site of rabbit skeletal myosin. EPR spectroscopy has proven to be a powerful method for monitoring conformational changes in proteins. Spin-labeled nucleotides have been shown to be reasonable substrates supporting muscle tension and velocity that are within a factor of 2 of that produced by ATP (32, 33) . EPR has the advantage that conformational changes can be measured under physiological conditions in both the presence and absence of actin. In many cases multiple conformations can be resolved, which, along with a series of spectra at different temperatures, allows one to measure the thermodynamic parameters associated with the transition between the conformations. Nucleotide-analog EPR spin probes allow us to place a reporter group at the nucleotide site. Here we use spin-labeled nucleotides to monitor the conformation of the nucleotide site of myosin, in different nucleotide-and actin-bound states. We find that the nucleotide site is predominantly in a closed form in the absence of actin. It remains predominantly in this closed form when myosin is bound to actin in states that mimic those that are thought to occur near the beginning of the power stroke, e.g., ActinÁMyosinÁADPÁPi or ActinÁMyosinÁATP. When myosin is bound to actin in the strong state, ActinÁMyosinÁADP, found near the end of the power stroke, the nucleotide pocket is in an equilibrium between open and closed forms, with the open form favored at higher temperatures. We conclude that the energetic differences between open and closed forms of the nucleotide pocket are not great in the strongly bound ActinÁMyosinÁSLÁADP state.
METHODS

Protein preparations
Rabbit skeletal myosin and a-chymotryptic S1 were prepared as described previously (34) . F-actin was purified from rabbit skeletal muscle (35) . Rabbit fibers, both fast (psoas) and slow (soleus or semimembranosus), were harvested and chemically skinned as described previously (36) . Minced muscle was prepared from skinned fibers by mincing with a scalpel.
Solutions
The basic rigor solution consisted of: 120 mM KCl, 5 mM MgCl 2 , 1 mM EGTA, 40 mM MOPS, pH 7.0. In some experiments the KCl was omitted to promote tighter binding between actin and myosin, ''low-ionic-strength rigor''. In a few experiments binding was also promoted by addition of 5% (w/v) polyethylene glycol (4000 Da) to the above buffers. Experiments performed in the presence of phosphate analogs were done in the above buffer with 10 mM NaF and either 2 mM AlCl 3 or 2 mM BeCl 2 producing ;2 mM of the fluoride complexes of the two metals.
Labeling of proteins and fibers
Myosin (40 mM) was incubated with 10-80 mM of SL-ATP in the basic rigor buffer, inserted into a 50-ml capillary, and the EPR spectra was obtained. On some occasions myosin was sedimented 50,000 3 g for 20 min, and spectra were obtained from a pellet. Myosin subfragment S1 was exchanged into a low-ionic-strength rigor buffer, concentrated to ;350 mM using a centricon concentrator, and then labeled with 250 mM SL-ATP. The mixture was run through a spin column, and the EPR spectrum was obtained in a 50-ml capillary. The labeled S1 was then added to F-actin at a stoichiometry of ;1:3 myosin heads/actin monomers in low-ionic-strength rigor. This mixture was centrifuged at 70,000 3 g for 20 min. The supernatant was analyzed to determine the amount of myosin-SL-ADP remaining in solution and discarded, and the pellet containing the actomyosin complex was scraped with a spatula onto a quartz flat cell. The actin concentration in these pellets was estimated at 600 mM. The pellet was covered with a glass coverslip, sealed with vacuum grease to prevent dehydration, and placed in the cavity. Spectra of fibers were obtained from fibers that had been minced, washed twice with a rigor buffer, and labeled with a 25-50 mM solution of the appropriate SL-ATP. The fibers were then placed on the flat cell, and the excess SL-ATP was removed. Spectra of minced fibers were obtained with the cell aligned either parallel or perpendicular to the magnetic field to ensure that the sample was random.
Psoas fibers were labeled on Cys-707 with MSL following the method of Thomas and Cooke (37) . In some fiber experiments, a constant flow of solution was required. Bundles of fibers ;200 mm in diameter were mounted using surgical thread into 0.5-mm diameter capillaries, placed in the cavity perpendicular to the magnetic field, and perfused with solution using a peristaltic pump.
Spin-labeled nucleotides, shown in Fig. 1 , were synthesized using slightly modified procedures of previously published methods (38) .
EPR spectroscopy
EPR measurements were performed with a Bruker EMX EPR spectrometer from Bruker Instruments (Billerica, MA). First derivative, X-band spectra were recorded in a high-sensitivity microwave cavity using 50-s, 100-Gauss wide magnetic field sweeps. The instrument settings were as follows: microwave power, 25 mW; time constant, 164 ms; frequency, 9.83 GHz; modulation, 1 Gauss at a frequency of 100 kHz. Each spectrum used in data analysis is an average of 5-50 sweeps from an individual experimental preparation. Measurements were done using myosinÁactin pellets as follows: Temperature was controlled by blowing dry air (warm or cool) into the cavity and monitored using a thermistor placed close to the experimental sample. We were able to control the temperature to within ,2°C using this technique.
Deconvolving spectral components to obtain thermodynamic data Spectra were deconvolved using a nonlinear least-squares method in which three basis spectra, one from bound and mobile, one from bound and immobilized, and one from unbound label, were used to determine the proportions of these components in the composite spectra seen in our samples, as described by Rice et al. (39) .
Once spectra were deconvolved, the fractions of mobile and immobilized probes present in each spectrum were calculated by double-integrating component spectra to get the total amount of spin label in each component. The values for DG presented here are calculated by using the equation DG ¼ ÿRTlnK, where K is the ratio of (immobilized probes)/(mobile probes). Enthalpies were calculated by creating van't Hoff plots of the data (ÿRlnK vs. 1/T), using a linear least-squares fit. Entropies were calculated from the enthalpies and free energy changes using the relation DG ¼ DH ÿ TDS.
Measurement of fiber mechanics
For mechanical experiments, single fibers were dissected from a bundle of fibers and mounted in a well between a solid-state force transducer and a rapid motor for changing fiber length as described previously (36) . The ends of the fiber were fixed with glutaraldehyde to minimize end compliance, as described previously.
RESULTS
Spin-labeled nucleotides bound to myosin
The spectrum of 39-SL-ADP bound to slow skeletal muscle myosin is shown in Fig. 2 . At kinetic equilibrium, signal arises from both bound and unbound nucleotide. When the probe is tumbling freely in solution in times of nanoseconds or less, the spectrum consists of three narrow lines with a splitting of 1.5-1.6 mT, including peaks P2 and P4 in Fig. 2 . When the probe is bound at the nucleotide site, the surface of the protein now restricts the mobility of the probe. This results in a broadening and shifting of the spectral lines, as shown by the low-field and high-field peaks, P1 and P5 in Fig. 2 . Both bound and free probes contribute to peak P3. The sharp peaks corresponding to the unbound nucleotide are clearly resolved from the broader peaks at high and low field resulting from the bound nucleotide. The greater the restriction in mobility, the greater is the splitting between peaks P1 and P5, here indicating that the probe has a mobility that is moderately restricted by the protein surface. We note that the proteins in Fig. 2 are in solution, but they tumble slowly enough to be completely rigid on the EPR timescale (;200 ns). Thus, the mobility determined here shows the mobility of the probe relative to the protein rather than the tumbling of the proteins. The spectra of 29-SL-ADP or 29,39-SL-ADP bound to myosin are similar to that of 39-SL-ADP, with peaks at high and low field that indicate probes with similar but not identical mobilities (see Table 1 ).
The mobility observed for SL-ADP bound to myosin is determined by the degree to which the protein restricts the rotational diffusion of the nitroxide spin label. Griffith and Jost have modeled the EPR spectra of nitroxide spin probes that are undergoing rapid rotational diffusion within a cone (40) . The spin probes observed here are undergoing rapid rotational diffusion restricted by the protein surface, although the region of diffusion is very likely not a geometrical cone. Nonetheless, it is constructive to compare the spectra observed here with the simulations of Griffith and Jost to FIGURE 1 Structures of the EPR probes used in these studies. The nitroxide bond in the spin ring moiety contains an unpaired electron, denoted by a dot. In a magnetic field, the unpaired electron gives rise to a spectrum that consists of three lines, whose position and width vary with probe mobility. 29,39-SL-AMPPNP is identical to the 29,39-SL-ATP shown, except the band a-phosphorus atoms are linked by a nitrogen instead of an oxygen. For both 29,39-SL-AMPPNP and 29,39-SL-ATP, the label is attached to only one of the hydroxyls on the ribose but can readily isomerize between the two positions.
FIGURE 2 EPR spectra of 39-SL-ADP bound to slow muscle myosin, in the absence (red) or presence (blue) of 2 mM AlF 4 . The derivative of absorption is plotted as a function of the strength of the magnetic field. The width of the spectrum is 9.5 mT. The two sharp peaks P2 and P4 arise from the unbound nucleotides. The low-field and high-field peaks P1 and P5 arise solely from bound nucleotides. The greater the splitting between P1 and P5, the more immobilized is the spin probe. Both free and bound probes contribute to peak P3. Myosin, 50 mM, was mixed with 50 mM SL-ADP in rigor buffer or rigor buffer plus 1 mM AlF 4 and free nucleotides were removed by centrifugation before spectral acquisition. The temperature was 25°C. obtain more quantitative information concerning the degree of mobility of the probes. The observed splitting between P1 and P5 in Fig. 2 suggests that the nitroxide probe of 39-SL-ADP bound to myosin is tumbling rapidly in a region that can be approximated by a cone of full angle ;56°. The cone angle for 29-SL-ADP bound to myosin is ;60°, which shows a lesser degree of motional restriction. The x-ray structures of myosin with a closed phosphate tube show the 39-hydroxyl to be closer than the 29-hydroxyl to the part of switch 1 that closed the phosphate tube. This may explain the greater steric hinderance of 39-probe mobility. The cone angle for 29,39-SL-ADP is also ;55°. The cone angles are given in Table 1 , in parentheses after the observed splitting.
The spectra of SL-ADP bound to fast muscle myosin in the presence of the phosphate analogs BeF 3 or AlF 4 are very similar to that of SL-ADP bound to myosin (see Fig. 2 and Table 1 ). The ATP analog AMPPNP binds tightly to myosin and is not hydrolyzed. Spin-labeled AMPPNP was synthesized by the same methods used for the other analogs, starting with AMPPNP. Thus, the label is attached to either the 29-or the 39-position. The spectrum of 29,39-SL-AMPPNP bound to myosin from either slow or fast muscle was very similar to that of 29,39-SL-ADP bound to myosin (see Fig. 3 and Table 1 ).
We conclude that the conformation of the nucleotide pocket of myosin restricts the rotational mobility of the attached probes within a cone with vertex angle of ;55°-60°. The spectra observed for 29-SL-ADP, 39-SL-ADP, and 29,39-SL-ADP bound to slow muscle myosin were similar to those for the species bound to fast muscle myosin. To fix notation, we term these states the ''closed conformation''. Here, ''closed'' refers to the conformation of the pocket as sensed by the spin probes, probably because of a change in the switch 1 region. The probes are not sensitive to changes in switch 2.
In the Discussion, we argue that this is the same conformation as seen for crystal structures of myosin nucleotide complexes with a closed phosphate tube. However, in these spectra there is an additional minor component with higher mobility that we discuss in more detail below where we consider the temperature dependence of the spectra.
The myosin nucleotide pocket remains closed when myosin binds weakly to actin
Myosin is known to bind to actin in prepower stroke states, in which the affinity for actin is lower than observed for the rigor complex or rigor-ADP complexes that occur near the end of the power stroke (1-6). These states are transients, and to study them with EPR, they must be mimicked using nucleotide and phosphate analogs. The nonhydrolyzable analog AMPPNP produces a large decrease in the affinity of myosin for actin (41) . This affinity is intermediate between the strongly binding states at the end of the power stroke and the weakly binding states at the beginning of the power stroke. As discussed above, the spectrum of 29,39-SL-AMPPNP bound to myosin is similar to that of 29,39-SL-ADP. The spectrum of 29,39-SL-AMPPNP bound to actomyosin in minced fibers, shown in Fig. 3 , is identical within experimental error to that of the analog bound to myosin alone. A similar result is observed for both fast and slow minced fibers. Slow fibers were used in addition to fast fibers because they bind AMPPNP more tightly and because they provided a better control, discussed below. The spectra were identical in the presence and absence of 5% PEG-4000. Lowering the temperature to 5°C caused a slight broadening of the peaks, with no other changes in the spectrum. Thus, the nucleotide pocket of myosin does not change conformation on the binding of MyosinÁSL-AMPPNP to actin. This is F-myosin ADP 6.4 (60) 6.5 (56) 6.5 (56) F-myosin ADP-AlF 4 6.4 (60) 6.7 (46) 6.4 (60) F-myosin ADP-BeF 3 6.4 (60) 6.6 (54) 6.4 (60) F-myosin AMP PNP --6.4 (60) F-fibers ADP 5.0 (111)* 5.4 (99)* 6.4 (60) F-fibers ADP-AlF 4 6.6 (54) 6.7 (46) in contrast to the result obtained for 29,39-SL-ADP, binding to slow muscle minced fibers as described in a section below. Several analogs of phosphate have been shown to bind with high affinity to the nucleotide site of myosin and have been studied extensively. X-ray structures have suggested that MyosinÁADPÁBeF 3 produces an analog of the Myo-sinÁATP state and that MyosinÁADPÁAlF 4 is an analog of the hydrolysis transition state intermediate (42) . These analogs induce a large decrease in the affinity of myosin for actin that is similar to that resulting from the binding of ATP or ADPÁPi (43-45). As described above, the spectra of SL-ADPÁBeF 3 /AlF 4 bound to myosin alone are similar to those of the MyosinÁSL-ADP species, indicating that the conformation of the nucleotide pocket is in a closed conformation. Because efficient binding of the phosphate analogs requires active cross-bridges, spectra were obtained from fibers in which SL-ATP was replenished by flow. The spectra of spinlabeled nucleotides show that the probes remain largely in the immobilized state on binding to actin in either the ActinÁMyosinÁADPÁBeF 3 or ActinÁMyosinÁADPÁAlF 4 states (see Fig. 4 and Table 1 ). The spectrum obtained in the presence of these phosphate analogs is highly disordered; thus, the spectra obtained from the oriented fibers was independent of the orientation of the fibers relative to the magnetic field and report only probe mobility. These results, along with those obtained using 29,39-SL-AMPPNP, imply that the nucleotide pocket remains closed in the more weakly bound states near the beginning of the power stroke. The opening of the nucleotide pocket observed for the diphosphate analogs, described below, requires the strong bond with actin, which is found near the end of the power stroke.
Is the myosin head bound to actin in the weakly bound states?
The conclusions drawn above regarding the weakly binding actomyosin states require that a substantial fraction of the myosin in the minced fibers be in fact bound to actin in the presence of the nucleotide and phosphate analogs used to mimic the weakly bound states. To ensure that a large fraction of myosin was bound to actin during spectral acquisition, we used conditions that promote the formation of the bond with actin. These were higher temperatures, 25°C, lower ionic strength, and the addition of a polymer, PEG-4000, that potentiates protein-protein interactions, including the binding of myosin to actin (46) .
In the presence of AMPPNP, binding to actin was assessed by two methods. We determined whether the catalytic domain of myosin was oriented with respect to the fiber axis, and we measured fiber stiffness. Previous work has shown that probes bound to the myosin catalytic domain in muscle fibers at Cys-707 are randomly oriented when myosin is not bound to actin and are highly oriented when myosin is bound to actin (37) . The spectrum of Cys-707-labeled fibers, shown in Fig. 5 , displays these two components, labeled random and ordered. Our control results again show that Cys-707labeled fibers are oriented in the rigor state ( Fig. 5 A) and disordered in the relaxed state ( Fig. 5 D) . The catalytic domain remains oriented as in rigor in the presence of 5 mM MgAMPPNP ( Fig. 5 B) , consistent with previous observations of Fajer and co-workers (47) . This indicates that .90% of the MyosinÁAMPPNP complexes are bound to actin under these conditions. As an additional control, spectra were accumulated in a high-ionic-strength buffer additionally containing 37% glycerol. These conditions have been previously shown to reduce the affinity of the MyosinÁAMPPNP complex to actin in fibers while not affecting the affinity of the rigor complex (48) . As seen in Fig. 5 C, the spectrum becomes disordered, showing that the myosin heads are dissociated from actin by the binding of AMPPNP under these conditions.
Fiber stiffness was also used to monitor actomyosin bond formation. Stiffness is low when myosin is detached from actin and is high when myosin is attached. The stiffness of slow twitch fibers in the presence of AMPPNP is 98 6 4% (mean 6 SE, n ¼ 30) of that in rigor, where all myosin heads are bound to actin in low-ionic-strength rigor at 25°C. Similar results were obtained in fast muscle fibers. The affinity of AMPPNP for fast muscle ActinÁMyosin has been determined to be 2 3 10 2 M ÿ1 (47, 49) . With this affinity ;44% of the actin-myosin complexes are bound to AMPPNP. The affinity of nucleotides for slow muscle ActinÁMyosin is greater than for fast. The affinity of SL-AMPPNP for ActinÁMyosin in the fibers can be determined from the spectrum of Fig. 3 , which shows that ;55% of the SL-AMPPNP is bound to myosin, indicating an affinity constant of 8 6 2 3 10 3 M ÿ1 . This affinity shows that at the concentrations employed in the measurements of fiber stiffness, 5 mM, in slow fibers ;97% of myosin heads are bound to AMPPNP. Thus, the lack of change in the orientation of probes on Cys-707 or in fiber stiffness shows that the majority of myosin-AMPPNP heads, .90%, are bound to actin. Together the orientation of the catalytic domain and the high fiber stiffness show that AMPPNP causes no detectable dissociation of myosin from actin under these conditions; thus, the spectra of Fig. 3 show that the conformation of the myosin nucleotide pocket remains closed in the ternary ActinÁMyosinÁSL-AMPPNP complex for both fast and slow myosin.
The fraction of myosin heads bound to actin in the presence of the phosphate analogs was determined by measuring stiffness only, as the orientation of the catalytic domain of myosin is disordered in the presence of the phosphate analogs, and thus orientation cannot be used to evaluate formation of the actomyosin bond (50) . The phosphate analogs bind to myosin very strongly, even in the presence of actin, and the isometric force exerted by the fibers in the presence of the concentrations used was ,5% of control. Thus, virtually all myosin heads are bound to the phosphate analogs, but are these heads also bound to actin? In the conditions used to obtain spectra in the presence of the phosphate analogs, low-ionic-strength rigor, 25°C, 5% PEG-4000, the affinity of the weak states for actin is potentiated. Fiber stiffness under these conditions has been shown to be high, ;60% of rigor in the presence of a similar phosphate analog, vanadate (46) . We found a similar result for the analogs employed here with stiffness of 55 6 10% of rigor for active slow or fast muscle fibers inhibited in the presence of either BeF 3 or AlF 4 . Stiffness is not a simple measure of the fraction of myosin heads attached to actin because the crossbridge compliance is in series with the compliance of the filaments as well as compliance external to the sarcomere, e.g., at attachment points of the fiber to the apparatus. If we assume that the cross-bridge compliance is only one third of the total compliance, the observed change in stiffness of 40% suggests that ;20% of the myosin heads remain attached to actin in the presence of the analogs. There were no discernable probes in the more mobile state in the spectra obtained with any of the phosphate analogs (e.g., see Fig. 4 ). We conclude that the probes attached to bound nucleotides remain in the immobilized state in the presence of either analog and that the nucleotide pocket of ActinÁMyosin remains predominantly in the closed conformation.
The nucleotide pocket is more open in the strongly bound ActinÁMyosinÁSL-ADP states Fig. 6 shows the spectra obtained from 29-SL-ADP bound to fast muscle myosin and to actomyosin in minced fibers. Minced fibers were used because the high concentrations of myosin and actin provided a large ratio of bound to free nucleotide and also ensured that all the myosin was bound to actin. Similar spectra were obtained for fibers and actoS1 (see Fig. 6 ). As can be seen, a new component is present in the actin-bound spectrum with an observed splitting of 5.0-5.6 mT. This corresponds to rotational mobility of the probe being restricted to a cone of ;90-110°. We call this protein conformation the ''open conformation''. Here ''open'' refers to the conformation of the pocket sensed by the spin probes, probably because of a change in the switch 1 region. The probes are not sensitive to changes in switch 2. As is also evident from Fig. 6 , there is a second spectral component similar to that observed for the closed state, indicating an equilibrium between the open and closed conformations of myosin. There is also a small component of the open state in the spectrum of myosin or S1 alone.
The spectrum of the SL-ADP species bound to minced fibers depended on both the nucleotide analog and the isoform of myosin used. In all cases, similar open and closed conformations were seen; however, the relative proportions of the two states varied. With both fast and slow muscle, the spectra of 29-SL-ADP and 39-SL-ADP were similar, showing a higher fraction of the open conformation at 25°C. However, the spectral intensities from 29,39-SL-ADP bound to fast muscle showed that the nucleotide pocket was mostly in the closed conformation at 25°C, whereas in the slow muscle, it was in the open conformation (see Table 1 ). The difference between these analogs is that in the 29,39-SL-ADP, the label is attached to either the 29-or the 39-position, with an easy isomerization between the two positions, leaving a hydroxyl on the unoccupied position (see Fig. 1 ). With 29-SL-ADP and 39-SL-ADP, the ribose position not occupied by the label is occupied by a hydrogen atom bound to the ring carbon. Thus, slow fibers provide a better comparison with the spectra of 29,39-SL-AMPPNP, showing that the nucleotide pocket is closed in 29,39-SL-AMPPNP and open in 29,39-SL-ADP. In the case of fast fibers, the nucleotide pocket is closed in both cases. The differences between fast and slow fibers are currently under further investigation and will be described in a subsequent article.
The temperature dependence of the spectra defines the thermodynamics of the transition between open and closed conformations
As discussed above, the spectra of ActinÁMyosinÁSL-ADP display two components corresponding to the open and closed states. The relative magnitudes of the two components were temperature dependent, with the closed state favored at lower temperatures. The spectrum of ActinÁS1Á29-SL-ADP is predominantly closed at 2°C and predominantly open at 30°C. This suggests that the two conformations of the nucleotide pocket are in equilibrium when MyosinÁSL-ADP is bound to actin. To better define the thermodynamics of this open-to-closed transition, the spectra of the complex of fast Myosin S1Á29-SL-ADP in complex with actin were obtained as a function of temperature and deconvolved into their two bound components to obtain the populations of the two states, as described in Methods and shown in Fig. 7 . Approximately pure spectral components were obtained for the mobile and immobile bound probes and used to deconvolute the spectra obtained at different temperatures (see Fig. 7 A) . Double integration of the spectral components defined the populations of each, which were used to determine an equilibrium constant, K ¼ [immobile fraction]/[mobile fraction]. The equilibrium constant between the two conformations was determined as a function of temperature. Fig. 7 B shows a plot of ÿRln(K) vs. 1/T from these fits. Using the van't Hoff relationship, the slope of a least-squares linear fit to the data over the temperature range 8-29°C yields a DH 0 ¼ ÿ79 6 5 kJ/mol, DS ¼ ÿ0.28 6 0.02 kJ/mol K. These large values for DH 0 and DS imply a significant conformational change at the myosin nucleotide site. However, the conformational change involves a relatively low free energy difference, with equal populations at 283 K and with the open conformation favored at higher temperatures.
The spectra of the SL-ADP species bound to myosin alone were composed mainly of a single component, indicating a moderately immobilized probe. However, Fig. 6 shows there was also a small component associated with the more mobile probe. The change in the spectrum with temperature, however, was not great, suggesting that for MyosinÁSL-ADP, the closed conformation of the nucleotide pocket is greatly favored. In the presence of the phosphate analogs AlF 4 and BeF 3 , the nucleotide pocket was entirely in the closed conformation at all temperatures, indicating that the free energy favoring the closed conformation is even greater.
DISCUSSION
Interpretation of the EPR spectra
Spin-labeled nucleotides provide a highly effective reporter group for monitoring the conformation of the nucleotidebinding site of myosin. In these analogs, the spin probe is connected to the nucleotide ribose via a short linker (Fig. 1) . This places the spin probe directly in the active site, positioning it in an excellent position to be perturbed by conformational changes in the adjacent protein surface (see Fig. 8 ). In the presence of 1 mM ATP, which competes with the binding of the spin-labeled nucleotides, the signal from the bound nucleotides is lost entirely, showing the high specificity of the SL-ADP for the active site. Similar spinlabeled nucleotides have previously been found to provide a sensitive method for monitoring the active site of two kinesin-family motors, which have active site conformations that have substantial similarity to those of myosin (15) . FIGURE 6 (A) EPR spectra of 29-SL-ADP bound to fast muscle myosin (red) and to fast ActinÁMyosin in fibers (blue). The shift in the splitting between the two spectra shows that the probe becomes more mobile (nucleotide pocket more open) when myosin binds to actin. The ActinÁMyosin spectrum was obtained from a pellet of minced fibers in rigor buffer. (B) The EPR spectrum of 29-SL-ADP bound to S1 (red) and to actoS1 (blue). The spectra were obtained in low-ionic-strength rigor buffer at 25°C. The width of the spectrum is 9.0 mT.
The high-field to low-field splitting from spectra of myosin bound to SL-ADP or the analogs SL-AMPPNP, SL-ADPÁBeF 3 , or SL-ADPÁAlF 4 all show probes that are moderately immobilized by the adjacent protein surface, effective cone vertex angles of ;55-60°. Similar spectra are observed for both fast and slow skeletal myosin. There is a slight though somewhat variable trend for the triphosphateanalog states to be more immobilized. The analog SL-ADPÁBeF 3 is probably a mimic of the ATP states (42) . The analog SL-AMPPNP may also resemble a triphosphate state, but the affinity for actin is much greater than that observed for ATP. There is no difference in the EPR spectra between these states and states that mimic the hydrolysis transition state intermediate, e.g., SL-ADPÁAlF 4 . There was little temperature difference in the results. We consider all these states as the closed state, and below we suggest that it corresponds to the nucleotide closed states seen in crystal structures of myosin (7) .
With the ActinÁMyosinÁSL-ADP species, a major new spectral component was observed corresponding to EPR probes that were significantly more mobile than observed for myosin species alone. The effective modeled vertex cone angle of mobility increased to 90°-110°for these species. We interpret this to indicate an opening of the nucleotide pocket in the ADP states in the presence of actin, which is not present in the triphosphate states. This more mobile component was similar in both fast and slow skeletal muscle. We term this component the open state. In a section below we suggest that the open conformation is the result of a movement of the switch 1 region, as shown in some crystal structures and EM reconstructions.
The probes attached to analogs of states with a phosphate in the g-position, either with AMPPNP or the phosphate analogs, remained as immobilized as in the absence of actin.
Although control experiments showed that appreciable fractions of myosin heads in these states were bound to actin, the more mobile component seen with strongly bound Ac-tinÁMyosinÁSL-ADP was never observed. We conclude that the myosin nucleotide pocket remains closed in the more weakly bound states at the beginning of the power stroke.
Energetics of the closed-to-open transition of the nucleotide pocket
A real strength of EPR spectroscopy over other spectroscopic and crystallographic techniques is its ability to resolve multiple conformations of the proteins under conditions modeling the physiological conditions of functioning muscle. Our ActinÁMyosinÁSL-ADP spectra show two distinct spectral components. One corresponds to the closed conformation seen in the absence of actin and in the actin-bound triphosphate-analog states; the other is the open conformation.
In the ActinÁMyosinÁSL-ADP states, the relative fractions of myosin in the open and closed states were temperature dependent. The van't Hoff plot shown in Fig. 7 defines the thermodynamic parameters. The changes in enthalpy and entropy between the two conformations indicate that a significant number of amino acids are involved in the conformational change. However, the free energy difference between the two conformations is relatively modest, only ;1.5 k B T at 20°C. The equilibrium between the open and closed conformations of the nucleotide pocket in the ActinÁMyosinÁSL-ADP complexes appears to be influenced by the structure of the spin-labeled nucleotide. The observation that the closed conformation is more favored in the 29,39-SL-ADP enantiomere species than in the deoxy-analogs, 29-SL-ADP and 39-SL-ADP, suggests that the presence of the hydroxyl on the position unoccupied by the label influences the equilibrium. The spin label can isomerize between the 29-and FIGURE 7 Deconvolution of spectra and van't Hoff plot. (A) The fitting procedure to determine the relative contribution of the more immobilized and more mobile components in the EPR spectra from 29-SL-ADP as a function of temperature is shown. Top spectra, spectral components associated with open and closed nucleotide pockets (red and blue, respectively); free probe (black). Middle spectra, ActinÁfast-S1Á29-SL-ADP at 9.5°C (purple), fit to the spectrum (green). Bottom spectrum, difference spectrum between experimental data and fit. (B) Spectra of Actin, fast muscle S1 and 29-SL-ADP were obtained as a function of temperature and deconvolved. The populations associated with the two components were used to calculate an equilibrium constant, which was used to determine a van't Hoff plot, shown. The van't Hoff plot yielded a DH ¼ ÿ79 6 5 kJ/mol, DS ¼ ÿ0.28 6 0.02 kJ/mol K. 39-hydroxyls in this compound, and we do not know which position is favored in the bound analog. The fact that both ribose hydroxyls can form hydrogen bonds whereas the deoxy ribose hydrogen cannot may offer an explanation for the differences. However, myosin x-ray structures show little interaction of the 29-or 39-hydroxyls of the ribose with the protein. It is possible that interactions between protein and nucleotide not visualized in the crystal structures play a role in the interaction. We also observe that, in the actin-free MyosinÁ29-SL-ADP and MyosinÁ39-SL-ADP complexes, the closed conformation is also in equilibrium with the open conformation, but the fraction in the open conformation is very small (see Fig. 2 ), and the temperature dependence is very weak. Addition of phosphate analogs eliminated this more mobile component for both myosin and ActinÁMyosin at all temperatures. These data show that the closed conformation is strongly favored in myosin alone, and it is even more favored in the presence of a phosphate analog bound at the g-phosphate position.
Our observations lead to a model of the conformational changes occurring in the nucleotide pocket of myosin shown in Fig. 9 . The myosin nucleotide pocket is closed when detached from actin. It remains closed when it initially attaches to actin with ATP or ADPÁPi at the nucleotide site. The nucleotide pocket then opens in the strongly bound ActinÁMyosinÁADP state and presumably in the strongly bound rigor state as well, although we cannot observe this state with our nucleotide probes. The transition from the closed to the open conformation occurs at some point after the release of phosphate and before the release of ADP near the end of the working stroke in state 4, however the exact point at which it occurs is not certain.
Docking of the nucleotide analog spin probes into myosin x-ray structures
To better understand the structural basis of the changes in EPR spectra, the structure of 29-SL-ADP was docked into the closed phosphate-tube nucleotide-binding site of the Dictyostelium MyosinÁADPÁBeF 3 structure (42) using the ADP in the x-ray structure as a template for positioning the analog. This structure was then superimposed via a least-squares P-loop distance minimization on the open nucleotide pocket structure of Reubold et al. (19) , and 29-SL-ADP was then directly annealed into the open structure, generating an open phosphate-tube structure. Results are shown in Fig. 8 . Examination of the closed phosphate-tube structure showed that there was significant steric interference with probe mobility from the switch 1 region (magenta) and from an adjacent loop, amino acids 314-319 (yellow). Additionally, the docking suggests that a 29-probe would experience less steric hinderance than a 39-probe because of its ;1.5 Å increased distance from switch 1 and amino acids 314-319. The data in Table 1 are consistent with this observation. Thus, the Dictyostelium structure (42) would appear to be compatible with the degree of mobility we observe for the immobile EPR spectra. In some preliminary investigations, the mobility of the docked 29-probe was determined by molecular dynamics in a calculation similar to that performed for spin probes attached to nucleotides bound to microtubule motors (15) . The goal of these calculations is to establish a more quantitative connection between probe mobility and protein structures. These calculations suggest that the observed mobility was consistent with the structure of myosin with a closed nucleotide pocket. However, further molecular dynamics simulations will be required to establish this.
There is structural homology between the nucleotide site of kinesin-family motors and myosin. We have previously used EPR spectroscopy to demonstrate a closing of the nucleotide site of kinesin motors (15) . When compared to myosin structures, kinesin-family x-ray structures show an open phosphate tube as a result of displacement of switch 1 away from the nucleotide site. We have demonstrated that the spectroscopic results can be explained by a closing of the FIGURE 8 To understand better the structural basis of the EPR spectra, the structure of 29-SL-ADP was docked into the structure of Reubold et al. (19) , which shows a very open nucleotide-binding site (above), and into the Dictyostelium myosinÁADPÁBeF 3 structure, which has a closed nucleotide site (below) (42) . Three structures are identified: the P-loop (blue); switch 1 (magenta); and amino acids 314-319 (yellow). 29-SL-ADP was docked (via a P-loop superposition with the myosinÁADPÁBeF 3 structure) into the nucleotide-free myosin structure of Reubold et al. (19) . The molecules are shown as CPK surfaces. In this closed structure, it is clear that there is significant steric interference affecting probe mobility from the switch 1 region and from the adjacent loop, amino acids 314-319. The closed structure would appear to be compatible with the degree of mobility we observe for the immobile EPR spectra, The magnitude of the displacement of switch 1 and amino acids 314-319 in the Reubold structure results in a very open nucleotide pocket, which appears too open to be compatible with our EPR spectra. However, further molecular dynamics simulations will be required to establish whether the spectra are compatible with either structure. phosphate tube via a displacement of switch 1 into the position seen in myosin structures with a closed phosphate tube, e.g., the Dictyostelium MyosinÁADPÁBeF 3 structure (14, 15) . The EPR probes appear to be more mobile in the closed kinesin-family motors. The docking in Fig. 8 again suggests that this is to be expected. The structure formed by amino acids 314-319 is not present in kinesin-family motors, so less steric hinderance would be expected.
In the open crystal structures, the opening of the nucleotide pocket results from a bending of the core b-sheet platform of myosin (19) . The bending of the b-sheet results in a significant displacement (;5 Å ) of switch 1 and the structure formed by amino acids 314-319 away from the bound nucleotide ( Fig. 8 A) . The magnitude of this displacement results in a very open nucleotide pocket in the myosin II x-ray structure. Both of these open structures have been proposed to represent the actin-bound conformation of myosin. However, our preliminary docking of 29-SL-ADP into the open structure suggests that these structures would result in an observed EPR probe mobility that is significantly larger than even the most mobile EPR spectra in Table 1 . The EPR probes appear to be seeing an actin-bound state different from that proposed on the basis of x-ray crystallography; however, molecular dynamics simulations will be required to make a more definitive conclusion.
Relationship to other studies
We originally proposed an opening of the nucleotide site of myosin on the basis of the observation that nucleotide analogs with moieties attached to the g-phosphate position, which were too large to fit through the closed phosphate tube, still bound to myosin and to actomyosin (11) . Here we have extended these studies by placing a spectroscopic reporter group directly in the active site to monitor an opening and closing of the nucleotide site. Several other spectroscopic methods have been used to probe changes in myosin on binding and hydrolysis of nucleotides. Bagshaw and coworkers constructed myosin catalytic domains from Dictyostelium myosin II with only one tryptophan (26, 51) . Tryptophans in the b-sheet at the N-terminus of switch 1 at the nucleotide site (F239W and F242W) showed a blue shift and decrease in fluorescence on binding and hydrolysis of nucleotides. The decrease associated with W239 was enhanced by the binding of actin. Berger and co-workers engineered a single tryptophan into the upper 50-kDa domain of smooth muscle myosin motor domain (F344W) and observed a change in FRET signal between W344 and MANT-nucleotides at the nucleotide site (29) . These corresponded to distances of 29 Å and 33 Å in the triphosphate and diphosphate states, respectively. Yengo and co-workers measured a FRET signal between MANT-nucleotides and a biarsenical compound attached to the upper 50-kDa domain in myosin V and found a similar increase in distance between tri-and diphosphate nucleotide states (30) . These were interpreted in terms of opening of switch 1 occurring on phosphate release. The results obtained here with skeletal myosin show only modest changes between SL-ADP analogs and analogs that simulate the MyosinÁtriphosphate states, and the difference between our conclusions and those of these two previous investigations may be the result of isoform differences. Preliminary EPR spectroscopy shows larger differences between tri-and diphosphate states for smooth muscle myosin (52) . Thus, there is now general agreement in the above studies that the conformation of the nucleotide site of myosin changes in response to the state of the nucleotide and that it is more open in MyosinÁADP than in MyosinÁADPÁPi or MyosinÁATP.
Results from a variety of techniques now agree that the nucleotide site of myosin adopts a more open conformation on binding to actin. Modeling of cryoelectron microscopy reconstructions of the actomyosin complex led to the conclusion that a rotation of the upper 50-kDa domain and opening of the nucleotide pocket was associated with the binding of FIGURE 9 A schematic of the actomyosin cycle, showing the conformation of the nucleotide site as deduced from our work. Force is generated by states 4 and 5 and by some substates within state 3. The nucleotide site is in the closed conformation when myosin is not bound to actin (states 1 and 2). It remains closed when myosin binds to actin with either ATP or ADP-Pi bound to the active site (state 3). In the strongly bound Actin-Myosin-ADP state it has an open conformation (state 4). The exact point at which the transition occurs between open and closed may occur within state 4 and not in the transition between states 3 and 4, as discussed in the text. myosin to actin (21, 23) . Crystal structures of a chimera of the Dictyostelium myosin II motor domain and the GTPase domain of dynamin (19) and of myosin V (17, 18) and myosin VI (20) all provided further evidence for a rotation of the upper 50-kDa domain and a concurrent opening of the nucleotide pocket via a shift in the position of the switch 1 region away from the bound nucleotide (17, 18) . These open x-ray structures have been postulated to be actin-bound states, although actin was not present in any of the x-ray structures. X-ray structures have also suggested that there are conformational changes in the switch 2 region that are associated with the working power stroke. However, the x-ray structures also suggest that these occur in a region of the protein that is not expected to influence the mobility of probes attached to the ribose of bound nucleotides. We previously showed that analogs with large moieties attached to the g-phosphate could bind to myosin or to actomyosin. A further analysis of those data demonstrated that these analogs bound 3-15 times more easily to the actomyosin complex than to myosin, also supporting the opening of the nucleotide pocket in the actomyosin complex. Our present data show that in myosin alone there is a small fraction of nucleotide pockets in the open conformation, which would explain the ability of these analogs to bind to myosin. Thus, these previous results, along with the current observations of spin probe mobility, agree that the nucleotide pocket of myosin opens on binding to actin. However, not all probes of the nucleotide site have reported a more open conformation, and ATP with a spin probe attached to both the 29-and 39-hydroxyls shows less mobility when the myosin binds actin, The difference between these results and those reported here and by others could arise because both positions on the ribose are blocked (32) .
The spectra of bound spin-labeled nucleotides show that the myosin nucleotide site remains closed in the weakly bound prepower-stroke states, ActinÁMyosinÁATP and ActinÁMyosinÁADPÁPi. The distance between MANT-nucleotides and a flurophore in the upper 50-kDa domain of myosin V also showed no change on binding to actin in these states (30) . However, this distance also did not change on release of phosphate to form ActinÁMyosinÁADP, suggesting that myosin V may be different from myosin II in the actin bound states.
A major conclusion of the current work is that the conformation of the nucleotide is in an equilibrium between open and closed conformations in the ActinÁMyosinÁADP state. In both of these states, the bond between actin and myosin is strong. Multiple states for ActinÁMyosinÁADP have been previously identified in smooth muscle actoÁS1 using a fluorescent nucleotide (28) . In two of these states, myosin is strongly bound to actin, and the affinity for ADP is either weak or strong. The state with greater affinity for ADP is favored by lower temperatures and presumably corresponds to our closed nucleotide pocket, whereas the more weakly binding state would correspond to our open nucleotide pocket. However, only one state was observed by the fluorescent nucleotides in a myosin II from Dictyostelium. Two states of skeletal ActinÁMyosinÁADP that differ in their tryptophane fluorescence and that have an equilibrium between them of close to unity were identified by Trybus and Taylor (53) . These may correspond to the two states seen here. However, the thermodynamics of the transitions between the states identified by fluorescence have not been measured, and establishing the correspondence between them and the states identified here by EPR requires more work.
Conformation of the actin-binding cleft
Our observations are relevant to currently popular hypotheses regarding the myosin actin-binding cleft. The initial structure of chicken S1 suggested that the myosin actinbinding cleft closed on binding to actin (7) . Biochemical data have coupled cleft closing to formation of the strongly bound actomyosin complex (21, 22, 25, 31) . X-ray structures of myosin II constructs and of myosin V and cryoelectron microscopy modeling have further coupled the closing of the actin-binding cleft to a concomitant opening of the nucleotide site via switch 1 movements (17, 18, 23) . This would be reasonable if the upper 50-kDa domain moved as an approximately rigid domain because one face of this domain forms one side of the actin-binding cleft while its opposite face forms one side of the nucleotide pocket. Accepting this linkage between conformational changes in switch 1 and actin-binding cleft, our conclusion that the nucleotide pocket is in an equilibrium between open and closed conformations implies that the actin-binding cleft must also exist in an equilibrium between open and closed conformations. The more open conformation of the actin-binding cleft is favored in myosin alone, whereas the closed conformation is favored in the actomyosin complex. From the data of Fig. 7 , at in vivo temperatures the closed cleft would be favored by ;3 k B T. Thus, the closing of the nucleotide cleft is not obligatory for formation of the strongly bound actomyosin state. Indeed, structural considerations suggest that an equilibrium between an open/closed actin-binding cleft, correlated with a closed/open nucleotide pocket, is in fact not unreasonable. Models of the actomyosin complex show an extensive interaction between the lower 50-kDa domain and actin, but the corresponding interaction of the upper 50-kDa domain with actin is more tenuous. Thus, although the rigid rigor bond is determined by the interaction of the lower 50-kDa domain, the orientation of the upper 50-kDa domain could be fluctuating between open and closed forms. Indeed, preliminary reports monitoring the conformation of the actin-binding cleft via dipole-dipole interactions between EPR probes on opposite sides of the cleft have concluded that the cleft has two conformations, one more open than the other, but that both forms are seen in both myosin and the actomyosin complex (24, 27) . We finally note that our results cannot rule out models in which there is not a tight coupling between the opening and closing of the nucleotide site and the actin-binding cleft.
SUMMARY
We conclude that spin-labeled nucleotides provide an effective way to monitor the conformation of the nucleotide site of myosin. The spectra show that the nucleotide pocket of myosin is predominantly in a closed conformation for myosin alone. When the labeled nucleotide bound to myosin is in a state that mimics either ATP or ADPÁPi, the pocket does not open when myosin binds weakly to actin. In the strongly bound ActinÁMyosinÁSL-ADP states, the energetics of the nucleotide pocket favors a more open conformation. In these states, the open and closed conformations are in equilibrium, with the open state favored by higher temperatures. An opening of the myosin nucleotide pocket by a displacement of the switch 1 region would be expected to weaken the affinity of myosin for nucleotides, thus promoting the release of ADP and phosphate. In the crystal structures of myosin V with ADP bound to an open myosin pocket, the affinity of the nucleotide is very low (18) . Therefore, our results, which show that opening of the nucleotide pocket occurs only in the strongly bound states, appear reasonable, as this would tend to keep ADP bound until the end of the working stroke. Thus, if force is generated in the weakly bound states as suggested by some studies (36, 54, 55) , our data show that force is initially generated by a myosin with closed nucleotide pocket.
